Survivors of Child Sexual Abuse (CSA) can develop Post-Traumatic Stress Disorder (PTSD), alterations in the prefrontal cortex, changes in electroencephalographic (EEG) activity, and lower performance on working memory tasks. The aim of this study was to characterize brain electrical correlations in girls with PTSD secondary to CSA during a working memory task based on recognizing emotional facial stimuli. Girls aged 8 -16 years old were evaluated: 12 with PTSD secondary to CSA, and 12 healthy girls with no history of abuse. EEG activity during a working memory task with emotional stimuli was recorded, and the inter-and intra-hemispheric correlations that assessed the functional connectivity among different cortical regions were analyzed. The PTSD group showed lower performance than controls on the working memory task while watching happy faces, while the EEG of this group showed greater intrahemispheric correlation among frontal areas and between frontal and posterior cortical regions. Also, the PTSD group had lower interhemispheric correlations between posterior temporal areas. The higher intrahemispheric correlation in the PTSD group could indicate that those girls used more brain areas when performing the task, likely because it required greater effort. The lower inter-posterior temporal correlation could be attributed to a reduction of the corpus callosum.
psychopathologies [1] , such as depression, anxiety, substance abuse, and Post-Traumatic Stress Disorder (PTSD) [2] . Also, they are often hyper-responsive to both angry [3] ] [4] and fearful faces [5] , and may show deficits in working memory [6] . Considering that memory can be influenced by the emotional content of the stimuli that are to be recalled [7] , understanding the relationship between working memory and emotional mechanisms linked to stress suffered early in life requires developing interventions designed to diminish the adverse effects of child maltreatment. In this regard, Cromheeke, Herpoel and Mueller [8] compared the impact of distracting emotional information on working memory performance in women with a history of sexual and physical abuse during childhood/adolescence, individuals reporting non-abuse-related childhood stress, and women without childhood stress. They found that working memory accuracy for positive vs. neutral incidental emotional stimuli was reduced in the women who reported a history of abuse compared to both control groups.
Survivors of child maltreatment may also show physiological changes, such as abnormal responses of the Hypothalamic-Pituitary-Adrenal (HPA) axis [9] , lower volume of the brain structures related to memory and emotional processing, including the prefrontal cortex, the corpus callosum and the hippocampus [10] , as well as increased cerebral blood flow in the anterior prefrontal cortex, the posterior cingulate [11] and the amygdala, during recall of threatening events [12] . Electroencephalogram (EEG) shows changes in the functional connectivity among several brain regions and this phenomenon can be assessed by EEG coherence (coh) and correlation (r) [13] [14] . These are mathematical calculations that evaluate the degree of similarity between two EEG signals [15] . In particular, children and adolescents with a history of child maltreatment have been shown to present an increase in left intrahemispheric coherence and a decrease in frontal interhemispheric coherence while at rest [16] [17] .
EEG has also been used to measure the functional brain connectivity that underlies working memory, showing that there is a link between frontal and posterior cortical regions in this process (especially in the temporal and parietal lobes) in the theta and alpha bands [18] [19] [20] . These electrophysiological findings support Baddeley's [21] model, which considers that working memory is a system integrated by an attentional control system (or executive system) located in the dorsolateral prefrontal cortex and other slave buffers found in posterior cortical areas. The executive system organizes and supervises the information stored in the slave systems such that coordination and synchronized processing among prefrontal and posterior cortical regions are fundamental. However, no EEG studies have yet examined the cortical connectivity underlying working memory in survivors of child maltreatment.
On the other hand, due to the frequent co-occurrence of multiple stressors, most of the aforementioned studies have included individuals who experienced different types of stress early in life. In contrast, only a few differentiated among the types of stressors [10] [22] .
In light of the evidence presented above, this research was conducted to characterize EEG correlations during performance of a working memory task based on emotional stimuli in children and adolescents with PTSD secondary to Child Sexual Abuse (CSA).
We hypothesized that the PTSD group would show lower performance on the working memory task with happy faces compared to the healthy girls without abuse. Also, we predicted that the PTSD group would show different EEG correlations among prefrontal and posterior cortical areas from those detected in controls, especially while observing happy faces.
Method

Participants
Twenty-four girls aged 8 -16 years old were evaluated from January 2012 to January 2013: 12 with PTSD secondary to child sexual abuse (the PTSD group), and 12 healthy girls with no history of abuse (control group). In order to control for socioeconomic status and the stress of being away from family, both groups were recruited from foster homes where they had lived for at least 6 months prior to evaluation. All participants had entered the foster homes after the age of five years. The girls with PTSD were placed in the homes after a legal process because of the sexual abuse they had suffered in their families, while the control subjects entered because their parents or guardians had low income and so were unable to provide the girls with proper care. The PTSD participants rarely received visits from their relatives, while those in control group spent weekends and holidays with their families.
We confirmed that the PTSD participants presented histories of intra-familiar CSA by reviewing files held at the foster homes and through semi-structured interviews.
Abuse had been perpetrated by the father, stepfather or an uncle. In 12 cases abuse was characterized as "fondling", while the other two girls had been raped. According to the files and our semi-structured interviews, control participants had no history of either sexual or severe physical abuse.
All participants had normal IQs according to the brief form of the WISC-IV [23] , and were regular students with no reports of behavioral problems. All were healthy, right-handed, and had no prior history of neurological disorders, learning disabilities, drug abuse (personal or by the mother), chronic illness or attention deficit disorder, according to the DSM-5 criteria [24] . Subjects in control group were matched with those in PTSD with respect to age, handedness, socioeconomic status, IQ scores and school grade.
To select participants, we interviewed each girl and her parents or advisors, and applied the WISC-IV, child abuse screening tool (ICAST-C) [25] and the child PTSD symptom scale (CPSS) [26] . The latter allowed us to determine the presence and intensity of PTSD and the kind of abuse experienced by participants according to DSM-IV criteria, and yields a PTSD total score as well as scores on the re-experiencing, avoidance and hyper arousal subscales. In addition, the children's depression inventory (CDI) [27] was applied to determine the presence of depressive symptoms.
All procedures involved in this research were approved by the Ethics Committee of the Institute of Neuroscience in accordance with the ethical standards laid down in the 1964 Helsinki Declaration. All participants and their parents or guardians gave their informed consent prior to inclusion in the study.
Working Memory Task
During the task, 120 black-and-white pictures of adult men and women with happy, angry, fearful, sad or neutral expressions were used. Each photograph was presented twice. The working memory task consisted of 60 trials in which three pictures with different expressions were presented one-by-one. The participant had to try to remember the order of appearance of the emotional expressions in each series of three photos because after a tone a fourth picture appeared (the target stimulus) showing the face of another person with one of the three previous expressions. The order of appearance of the stimuli to be recalled (1, 2 or 3) was counterbalanced. There were 12 target stimuli for each emotional content (i.e., happy, angry, fearful, sad and neutral). Using the 1, 2 or 3 keys of a numeric computer keypad the participant had to indicate which of the three original photographs had the expression that coincided with the fourth (Figure 1 ).
Each stimulus remained on the screen for 1 second and the inter-stimulus interval was 3 seconds. After the target stimulus appeared, the inter-stimulus interval lasted 4 seconds. To avoid fatigue, the task was divided into three series of 20 trials each. The number of correct responses and the response times were recorded for each trial.
Pairing Task
The objective of this task was to determine whether the participants were able to distinguish the different facial expressions. In each trial, four photographs with emotional expressions of sadness, anger, fear, happiness and neutral were presented on a screen as follows: one photo appeared at the top of the screen and the other three at the bottom.
One of the photos below had the same expression (but not the same person) as in the photo above. Using the 1, 2 or 3 keys of the numeric computer keypad the participant had to indicate which of the three lower photos had the expression that coincided with the one above. In this task, the photos remained on the screen until the participant responded, or 7 seconds had elapsed. The number of correct responses was counted.
EEG Recording and Analysis
EEGs were recorded in a shielded, dimly-lit room for three minutes at rest and during performance of the working memory task. The recording sites were located in the frontal (F3, F4, F7, F8), temporal (T3, T4, T5, T6) and parietal (P3, P4) cortical areas according to the 10 -20 International System. EEGs were collected using a Neuroscan cap with sintered silver chloride electrodes referenced to linked earlobes to avoid distortions due to asymmetrical impedances at A1 and A2 [28] . Impedances were maintained below 10 Kohms. Electrodes were also placed on the top and bottom edges of the eyes and the left wrist to control for artifacts caused by eye movements or heart beat.
EEG data were recorded using a Neuroscan NuAmps digital amplifier with filters set at 1 and 50 Hz, digitized at a sampling rate of 500 Hz, and stored on a PC by Scan 4.3 Figure 1 . Working memory task. During the maintenance phase, three faces with different emotional or neutral content were shown on the screen one-by-one; the participant had to remember the order of these expressions, because after a tone (warning), a fourth face (the target stimulus) of another person with an expression that matched one of the previous three appeared. During the recovery phase, the participant had to indicate which one of the three original photos (1, 2 or 3) showed the same expression as the target stimulus (#2 and #1 in the examples). Each stimulus remained on the screen for 1 second and the inter-stimulus interval was 3 sec, except after the target stimulus when 4 seconds were allowed. For EEG analysis, only segments recorded during the inter-stimulus intervals were analyzed, either when the participant had to maintain the information in working memory (maintenance phase), or when she had to retrieve the stored information and give a response (recovery phase). Acquisition Software. Using this program, 1-second epochs were obtained and then separated into the maintenance and recovery phases. Also, in each phase (maintenance, recovery), epochs were separated according to the neutral or emotional content of the photos (happy, anger, fear, sadness). As Figure 1 shown, EEG epochs that integrated the maintenance and recovery phases were obtained from the inter-stimulus intervals.
The EEGs corresponding to each phase and content (emotional or neutral) were examined manually using the CHECASEN computer program [29] . All epochs contaminated by noise were removed to ensure that all signals analyzed were artifact-free. Later, these EEGs were analyzed by the EEG Magic software [30] that initially calculated the Fast Fourier Transform (FFT) to seven frequency bands: delta (1 -3 Hz), theta (4 -7 Hz), alpha1 (8 -10 Hz), alpha2 (11 -13 Hz), beta1 (14 -19 Hz), beta2 (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and gamma (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . The correlation spectrum (r) was then calculated from the autospectra and the cross-spectrum of the signals to provide values between −1 and +1. Correlation spectra at 0 delay for each subject and condition were obtained for each frequency band using amplitude values by means of Pearson product-moment coefficients to obtain intrahemispheric correlations (intra-r) between derivations in the left (F3-F7, F3-T3, F3-T5, F3-P3) and right (F4-F8, F4-T4, F4-T6, F4-P4) hemispheres. The interhemispheric correlations (inter-r) were also obtained; that is, the correlation between homologous left and right cortical areas (F3-F4, F7-F8, T3-T4, T5-T6, P3-P4). The correlation function (r) at each given frequency x is defined by:
where C is the cross-covariance between signals A and B; CAA is the auto-covariance of signal A; and CBB is the auto-covariance of signal B. The correlation is sensitive to both the phase and polarity of the signal, regardless of amplitude [31] . Finally, in order to approximate to a normal distribution, the correlation values were transformed into Z scores before beginning statistical analysis.
Statistical Analysis
To test for differences in performance between groups and type of stimulus on both the pairing and working memory tasks, ANOVAs for correlated groups were performed for each set of test data. Post-hoc comparisons were conducted to determine where differences occurred (p < 0.05). The same kinds of ANOVAs were applied to the EEGs for each condition (maintenance, recovery), derivation and band. To compare the EEGs between groups while at rest, a T Student analysis for correlated groups was made for each derivation and frequency band.
Finally, in the statistical analysis of the EEGs, the p-values were adjusted by applying the Bonferroni method to correct the multiple comparisons and so avoid Type I error. The new level of significance was 0.0005.
Results
Characteristics of Participants
None of the participants in control group presented significant symptoms of PTSD, and no PTSD subjects showed significant symptoms of depression. Only one girl in control group had mild symptoms of this disorder. There were significant between-group differences in the CPSS test scores (p < 0.000), but there were not in terms of age, IQ and CDI scores (Table 1) .
Behavioral Performance on the Tasks
No between-group differences were observed on the working memory task (F 1,11 = 1.335, p = 0.272), or emotion-group interaction (F 4,44 = 0.801, p = 0.531) in the number Table 1 . Mean and standard deviation (SD) of the characteristics of the control and posttraumatic stress disorder (PTSD) groups. The significances (P) in the T student test performed to determine the differences between groups are included. There were no significant between-group differences on the pairing task ( Table 2 . Control group only showed higher r-intra between the left frontal-posterior temporal regions (F3-T5) in the beta2 band ( Figure 3 ). As Table 2 shown, after Bonferroni correction, the comparisons that did not reach significance were: F3-F7 in delta and alpha2, F3-T5 in delta and Beta2, F3-T5 in alpha2 and beta2, F4-T6 in theta, and F4-P3 in theta.
There were no significant differences among type of stimulus or interactions among variables.
PTSD group presented lower inter-r than control group between the anterior temporal regions (T3-T4) in alpha1, alpha2, beta1 and beta2, as well as between posterior temporal regions (T5-T6) in all bands ( Table 2 ). The exception was the gamma band between T3-T4, where this group had a higher correlation. In addition, PTSD had higher inter-r between the inferior frontal regions (F7-F8) in beta1 and gamma, as well as between the parietal areas (P3-P4), though exclusively in alpha1 ( Figure 4 , Table 2 ). After Bonferroni correction, the comparisons at F7-F8 in beta1, T3-T4 in alpha1 and beta2, T5-T6 in delta and P3-P4 alpha1 did not reach the level of significance. There were no significant differences among type of stimuli or interactions among variables. A. Sanz-Martin, I. Calderón-Zepeda Figure 3 . Intrahemispheric correlation converted to Z values (mean ± 2 standard error) in the maintenance phase in the control and post-traumatic stress disorder (PTSD) groups, as well as the mean of differences between groups (MD ± 1.96 S.E.). *p < 0.0005.
Recovery phase
PTSD group presented higher intra-r than control group between the left frontal areas (F3-F7) and bilaterally between the frontal-temporal (F3-T3, F3-T5, F4-T6) and frontal-parietal (F3-P3, F4-P4) regions in the bands listed in Table 3 ( Figure 5 ). As can be seen in Table 3 , after Bonferroni correction the comparisons that did not reach the level of significance were: F3-F7 in alpha2, F3-T3 in beta2, F3-T5 in alpha1 and beta2, and F4-T6 in alpha2. There were no significant differences among type of stimulus or interactions among variables.
PTSD group showed higher correlation between the inferior frontal regions (F7-F8) in gamma, between the anterior temporal areas (T3-T4) in almost all bands (except A. Sanz-Martin, I. Calderón-Zepeda Table 3 ). In contrast, this group had lower inter-r than control group between the posterior temporal regions (T5-T6) in all bands ( Figure 6 , Table 3 ). After Bonferroni correction, the comparisons made at F7-F8 in gamma, T3-T4 in delta, alpha2, beta1 and beta2, and T5-T6 in delta did not reach the level of significance. There were no significant differences among type of stimulus or any interactions among variables.
Discussion
As we hypothesized, the study showed that PTSD group had a lower performance than control group while observing happy faces with higher intrahemispheric correlations among frontal and posterior cortical regions while maintaining and recovering information. However, there were no significant EEG differences according to the type of stimulus as we had expected.
Behavioral Performance
Compared to control, PTSD group presented lower performance on the working memory task when shown happy faces. This coincides with the findings of Cromheeke et al. [8] in adult women with a history of child sexual or physical abuse. In addition, PTSD had a similar performance while observing happy faces compared to the other stimuli, Figure 5 . Intrahemispheric correlation converted to Z values (mean ± 2 standard error) in the recovery phase in the control and post-traumatic stress disorder (PTSD) groups, as well as the mean of differences between groups (MD ± 1.96 S.E.). *p < 0.0005.
while control group exhibited a higher number of correct responses to the happy stimulus compared to the other expressions. In this regard, previous studies with healthy adults have observed that their performance on a working memory task with emotional stimuli is better when happy faces are shown [7] , because this expression is easier to recognize than negative emotions [32] . Therefore, the brain resources involved in its processing are fewer than those needed to maintain and manipulate information in working memory. In contrast, faces with negative valence receive priority processing [33] , such that fewer neural resources are available for other cognitive processes.
In contrast to controls, in the PTSD participants the happy face did not improve performance on the working memory task, probably because for them recognizing happy and negative faces entails a similar degree of difficulty, so processing required the same neural resources as those involved in working memory. This possibility should be considered despite the fact that on the pairing task the PTSD participants had-similar to controls-better performance with the happy faces than the other expressions, since this task had a low level of difficulty.
With respect to emotional recognition, previous reports have demonstrated that neglected children have difficulty in recognizing all emotions [3] and that incest survivors develop in environments where they have little opportunity to learn to correctly recognize emotions since their relations with both parents are inadequate [34] and there is a deficient communication between the non-offender mother and the abused son or daughter [35] .
Another possible explanation of these results is the reduced reward sensitivity found early in individuals with a history of abuse [36] , who may also fail to elevate their inhibitory control performance [37] . Thus, a question for future work concerns the implications of the reduced processing of positive emotions through cognitive and emotion control after experiencing early stress.
EEG Correlation
Several studies with working memory tasks have reported that there is an increased synchronization among prefrontal cortex and posterior cortical areas (parietal and temporal) in the alpha [19] and gamma bands [38] during information maintenance, as well as in theta and alpha [19] during manipulation and recovery. Moreover, this increase in theta shows lateralization, as it is greater in the left hemisphere for verbal tasks and in the right one for visual tasks [18] . We expected that when compared to control the PTSD group would have a lower intrahemispheric correlation among prefrontal and temporal/parietal regions while observing happy faces, in the alpha and gamma bands during the maintenance phase, and in the theta band during recovery. We expected these relations because the dorsolateral prefrontal cortex is implicated in attentional control [20] , while the parietal and temporal lobes are involved in storing visual stimuli and processing emotional facial expressions [39] [40] .
In contrast, our study showed that PTSD group presented a higher correlation between frontal and posterior regions, though this involved more frequency bands and did not circumscribe the right hemisphere as is expected on a visual task of this kind. In addition, this group showed higher interhemispheric synchronization in the frontal and parietal lobes in the gamma band. The latter findings indicate that PTSD group needed to utilize both hemispheres to perform the visual working memory task. This higher functional coupling could be explained in two ways: a) PTSD made a greater cognitive effort during the working memory task; or, b) this group has lower cortical differentiation. These suggestions require some elaboration.
Regarding the first explanation, some studies have reported that anxious patients, or subjects under psychosocial stress, have lower performance on working memory tasks [41] [42] , suggesting that such tasks demand greater effort. Since subjects with PTSD suffer from an anxiety disorder, it may be that the task was difficult for them, especially because it included emotional stimuli as analyzed in the preceding paragraphs.
In the EEG recordings taken during the working memory task, the frontal-parietal synchronization in theta increased with the degree of difficulty [43] . Similarly, in fMRI studies (i.e., functional magnetic resonance imaging), the functional connectivity among dorsolateral prefrontal and inferior parietal regions is greater as the memory load increases [44] .
Considering the above evidence, it is likely that our PTSD group had to recruit more brain areas to perform the working memory task. A similar phenomenon has been observed in patients with mild cognitive impairment who, though presenting similar performance on working memory tasks to subjects without this condition, show higher inter-and intrahemispheric coherence in the alpha1 and alpha2 bands. This increase in coherence has been interpreted as reflecting the recruitment of additional brain areas to compensate for neurocognitive deficits [45] .
PTSD also showed a higher left intrafrontal correlation (F3-F7) in the gamma band, indicating a synchronization between the dorsolateral and medial lateral prefrontal areas [46] that are responsible, respectively, for manipulating and monitoring information in working memory, and for making judgments about encoding and retrieving information stored in posterior regions [47] . The gamma band is involved in both the perceptual processing and maintenance of multiple elements in working memory, and increases linearly with task load and complexity [38] .
The second explanation of the higher intrahemispheric correlation in PTSD is the presence of a lower cortical specialization with respect to control group, particularly in the systems involved in working memory. Similar to our study, Ito et al. [16] and Miskovic et al. [17] found an increased intrahemispheric functional coupling at rest.
But those researchers only analyzed alpha band coherence, and the increased functional connectivity was found only in the left hemisphere. We consider that the increased correlation in PTSD could involve, as those authors suggest, lower brain differentiation.
In this regard, it has been reported that in normal development there is a decrease in EEG coherence among cortical areas separated by a long distance (≥18 cm) [40] , a phenomena related to an optimal organization of cortical networks. Also, the decrease in EEG coherence predicts higher intelligence [48] .
It has been suggested that this lower cortical differentiation might be caused by altered patterns of cortical development due to the activation of monoamines and cortisol hypersecretion that affect cell migration, glial mitosis and myelination [49] . However, if PTSD had lower cortical differentiation, then the higher intrahemispheric correlation should also occur at rest and would constitute a structural feature of this group. Although we found that PTSD had higher frontal-parietal correlations than control group, these comparisons did not reach significance after strict Bonferroni correction. For this reason, future research must explore EEG correlations at rest in a large sample of participants with the same characteristics as those evaluated in this study.
Another interesting finding of this research was that PTSD group presented a reduced interhermispheric correlation between posterior temporal areas during the maintenance and recovery phases. This result is consistent with previous work [16] that found a higher hemispheric asymmetry among central, temporal and parietal areas in children while at rest who had suffered severe sexual or physical abuse. This result could be explained in part by the reduction of the medial area of the corpus callosum (IV), as has been observed in women who suffered child sexual abuse [50] . Together with the anterior commissure, this area connects to the superior and inferior temporal areas [51] [52] of both hemispheres.
While in the anterior temporal areas PTSD also had a lower interhemispheric correlation in the maintenance phase, during recovery it showed a greater correlation, so these changes cannot be attributed to the reduced volume of the tracts that connect the left and right anterior temporal regions. Also, the T3 and T4 derivations were placed in the left and right medial temporal gyrus (AB 22) [53] and so are connected only by the anterior commissure [52] , and there are no reports of changes in this tract in victims of child abuse. This finding could indicate that the PTSD and control groups make different use of the anterior temporal areas during working memory tasks; that is, while control group requires synchronous recruitment of the anterior temporal areas of both hemispheres during information maintenance, PTSD performs this during recovery. In this regard, fMRI recorded in healthy adults during a working memory task involving facial stimuli have shown a bilateral activation of the medial and inferior temporal regions during information encoding, maintenance and retrieval [54] .
Some limitations of the present study should be mentioned. The first is the small sample assessed due to the difficulty of finding participants who met the strict inclusion criteria. Although we screened girls from six foster homes in the state of Jalisco, Mexico, we were unable to obtain a larger sample because many potential subjects had low IQs, were in a school grade below their age, or had a personal or maternal history of drug use.
Second, it was impossible to separate and distinguish the impacts of PTSD and child sexual abuse because we could not gather a sample of participants with child sexual abuse who did not suffer PTSD as well. The high incidence of PTSD in institutionalized child sexual abuse survivors is a topic that needs to be analyzed in future research.
Finally, the findings of the present study may only apply to specific populations of children, as all our subjects came from families of low socioeconomic status recruited through foster homes. This method has the advantage of allowing verification of maltreatment, but it may introduce other kinds of stressors that can affect EEG activity [55] [56]. To identify the effects of child sexual abuse more precisely, a non-institutionalized control group without maltreatment and PTSD would be a valuable complement to an institutionalized control group in future work.
Conclusions
We believe that the information provided by this study will allow for a better understanding of the impact of early stressful events on the development of connectivity among the cortical structures that underlie working memory.
